Purpose: Several studies have reported methodologies to calculate and correct the transit dose component of the moving radiation source for high dose rate (HDR) brachytherapy planning systems. However, most of these works employ the average source speed, which varies significantly with the measurement technique used, and does not represent a realistic speed profile, therefore, providing an inaccurate dose determination. In this work, the authors quantified the transit dose component of a HDR unit based on the measurement of the instantaneous source speed to produce more accurate dose values. Methods: The Nucletron microSelectron-HDR Ir-192 source was characterized considering the Task Group 43 (TG-43U1) specifications. The transit dose component was considered through the calculation of the dose distribution using a Monte Carlo particle transport code, MCNP5, for each source position and correcting it by the source speed. The instantaneous source speed measurements were performed in a previous work using two optical fibers connected to a photomultiplier and an oscilloscope. Calculated doses were validated by comparing relative dose profiles with those obtained experimentally using radiochromic films. Results: TG-43U1 source parameters were calculated to validate the Monte Carlo simulations. These agreed with the literature, with differences below 1% for the majority of the points. Calculated dose profiles without transit dose were also validated by comparison with ONCENTRA R Brachy v. 3.3 dose values, yielding differences within 1.5%. Dose profiles obtained with MCNP5 corrected using the instantaneous source speed profile showed differences near dwell positions of up to 800% in comparison to values corrected using the average source speed, but they are in good agreement with the experimental data, showing a maximum discrepancy of approximately 3% of the maximum dose. Near a dwell position the transit dose is about 22% of the dwell dose delivered by the source dwelling 1 s and reached 104.0 cGy per irradiation in a hypothetical clinical case studied in this work.
I. INTRODUCTION
Accurate determination of absorbed radiation dose in tissues surrounding radioactive implants is of major importance for brachytherapy treatments. To ensure the optimum treatment conditions, dosimetry measurements are usually performed in water equivalent phantoms which can be associated with computational simulations, besides source dwell position verification and air-kerma strength measurements. These quality assurance measurements are typically performed to determine dosimetric parameters required by standard protocols. However, almost no hospitals perform measurements to determine the instantaneous source speed, which can significantly impact the dose delivered to the patient. 1, 2 This is particularly important in high dose rate (HDR) remote afterloading units containing a cable-driven radiation source, where the determination of the source positioning is the main uncertainty for calculation of the delivered dose. 3 Another important uncertainty component stems from the determination of the transit dose, which, in turn, depends on the transit speed of the radiation source. 4 Most of the studies aimed at determining the transit speed of the source were able to measure only the average source speed, which does not represent the realistic motion of the source, e.g., neglecting the low speed of the source approaching a dwell position may lead to inaccurate determination of the transit dose. [5] [6] [7] So far, transit dose corrections are implemented inaccurately into HDR brachytherapy treatment planning systems (TPS) due to a lack of quality assurance tests able to accurately measure the transit speed profile of the moving radiation source.
In the present work we report the accurate determination of the transit dose component for a Nucletron Ir-192 brachytherapy remote afterloader unit using measurements of the instantaneous speed profile of the radioactive source. Quality assurance tests of the transit speed of the source were performed using a high performance optical fiber based radiation detector. 4 The computational simulations were based on a Monte Carlo (MC) code which provides a more accurate dose distribution, not limited to homogeneous water media. 8 To the best of our knowledge, this is the first determination of the real transit dose profile of a brachytherapy unit. Furthermore, we compare our results with those obtained using the commercial planning system ONCENTRA R Brachy version 3.3 (Ref. 9 ) and with experimental measurements using radiochromic film dosimeters.
II. MATERIALS AND METHODS

II.A. Measurements of the instantaneous source speed
Recently, we have reported real time measurements of the instantaneous speed profile of a HDR Ir-192 brachytherapy source using a high resolution optical fiber based detector. 4 The device consists of two parallel optical fibers that are perpendicularly positioned on top of a treatment catheter, and connected to a photomultiplier and an oscilloscope. When the source moves directly under each optical fiber, radiation induced Cerenkov light is generated and measured in the oscilloscope in the form of two intensity peaks as a function of time. Since the distance between the optical fibers is known and approximately equivalent to the source length (l = 0.4 cm), the extracted velocity corresponds to the instantaneous speed v ins . The v ins profile is finally obtained by positioning the optical fibers at several positions along the catheter and repeating a specific source motion/dwell situation for each detector position. Using this device, we measured the v ins profile for different program situations of clinical relevance, determining that the radioactive source follows a uniformly accelerated linear motion, with an acceleration of α = (113 ± 2) cm/s 2 , and maximum source speed of v max. = (52 ± 1) cm/s, which were used to obtain all instantaneous speed values, v ins , through classical kinematics. Note that Nucletron provides an average source speed of v = 50 cm/s (Ref. 9) which is approximately ten times higher than the average speed for an interdwell position distance of 0.5 cm, obtained considering the instantaneous source speed.
II.B. Monte Carlo calculations
Although the TG-43U1 formalism employed by ONCENTRA R could be used to calculate the transit dose in water, a MC method was adopted since this methodology can be implemented in a TPS considering heterogeneous media, which has particular relevance in brachytherapy treatments. Dose distributions were calculated using the track length cell energy deposition MCNP5 tally (F6), which consists of the track length tally multiplied by a reaction rate convolved with an energy-dependent heating function (in MeV/g).
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II.B.1. Absolute dwell dose profile
Here, the dwell dose profile is defined as the spatial dose distribution delivered only during dwelling, therefore, not considering the transit dose component. The accuracy of the MCNP5 simulation for dwell dose profile calculations has been verified by comparing results provided by the ONCENTRA R planning system and also through the TG-43U1 dose-calculation formalism. 11, 12 The validation procedure was performed assuming the dimensions and material composition of the source provided by Nucletron, except for the steel cable density which was determined experimentally, 13 and consists of the following steps: (a) the air-kerma strength was obtained inside a vacuum sphere using a cylindrical cell positioned at 1 m from the source, following the methodology described by Borg and Rogers; 14 (b) the dose-rate constant was obtained considering the dose in water at 1 cm from the source and the air-kerma strength; (c) the anisotropy, the radial dose function, and the dose rate per air-kerma strength were obtained using a spherical phantom with 30 cm diameter as used by Daskalov et al.
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II.B.2. Studied cases
The transit dose effect was evaluated considering a (40 × 40 × 40) cm 3 water phantom, adopting its center as the origin of coordinates and the last dwell position (catheter tip) at 6 cm from the origin, which is the same reference adopted in the experimental procedure.
The scoring axis is aligned at two distances parallel to the catheter: (1) 2.5 mm, which was set to be higher than the minimum distance to establish electronic equilibrium 15 and (2) 5.0 mm. The studied cases are: (a) source travelling from the safe and dwelling at position x 0 = 6 cm, (b) source travelling from the safe, dwelling at positions x 1 = 1 cm and x 0 = 6 cm (interdwell distance d = x 0 − x 1 = 5 cm), and travelling back to the safe, (c) source travelling from the safe, dwelling at positions x 1 = −4 cm and x 0 = 6 cm (d = 10 cm), and travelling back to the safe, and (d) source travelling from the safe, dwelling at multiple positions between x 1 = −4 cm and x 0 = 6 cm in steps of 2 cm, and travelling back to the safe. These cases were simulated with 2 × 10 9 particles, resulting in a Type A component of uncertainty less than 1% and 3.5% (k = 1), for the cases at 2.5 and 5.0 mm, respectively.
Besides the aforementioned cases, a hypothetical prostate case with 10 catheters was studied by comparing ONCENTRA R and MCNP5 to verify the transit dose effect in a clinical case using a template for prostate treatment which has been set without considering the transit dose effect to define the position of the catheters or the prescribed dose. Each catheter has 11 dwell positions with 0.5 cm spacing. The dwell times were defined automatically using ONCENTRA R geometrical optimization on volume, considering a 100% isodose volume of 121.17 cm 3 , a prescribed dose of 1000 cGy, and an air-kerma strength of 4.107 × 10 4 U. Dose distributions were analyzed in 14 axes parallel to the catheters at the same depth as the dwell positions.
ONCENTRA R provides a broad range of source dwell times from 0.1 to 999.9 s, uses TG-43U1 parameters equivalent to those obtained by Daskalov et al., 13 presents a high spatial resolution, and considers the transit dose by subtracting the transit time (up to 0.1 s), obtained using an average speed of v = 50 cm/s, from the source dwelling time. 9 Due to the high average speed adopted and due to the no apparent effect of the transit dose corrections in the dose distributions obtained, results from ONCENTRA R were considered without transit dose correction.
II.C. Dynamic dose calculation
The transit dose profile was obtained in a 22 cm long array positioned concentrically in the middle of the phantom, composed of 440 water sphere targets with a volume of approximately 10 −3 mm 3 and separated by a 0.5 mm lateral distance. A transit dose profile was simulated one time, with one source aligned within the middle of the phantom, and then the result obtained was shifted in intervals of 0.5 mm representing the movement of the source and avoids having to perform hundreds of simulations. Figure 1 shows the simulation geometry.
The total transit dose per air-kerma strength (Gy U −1 ) in each target sphere, D tr , is obtained through the frame-byframe integration of the dose delivered by the radioactive source while moving through two consecutive positions, S (0.05 cm), as given by the following equation:
where n is the last source position, D i (Gy U −1 s −1 ) is the calculated dose per air-kerma strength delivered in one target sphere due to the source at position i, D i + 1 is the calculated dose per air-kerma strength delivered in one target sphere due to the source at a consecutive position i + 1, v i (cm/s) is the instantaneous speed at position i, and v i+1 is the instantaneous speed at a consecutive position i + 1.
II.D. Dose measurements
Gafchromic EBT2 radiochromic films (lot: A08151101A) were positioned between (30 × 30) cm 2 PTW RW3 solid water plates composed of C 8 H 8 + 2.1% TiO 2 with a density of 1.045 g/cm 3 (Ref. 16) , at a depth of 0.1 cm, with three plates with a thickness of 1 cm each positioned below the film. The 2.5 mm thick catheter was positioned onto the surface plate and inside of an oil wax of dimensions (14.0 × 7.0 × 0.5) cm 3 manufactured by Epoxiglass (Diadema-SP, Brazil), and concentrically positioned in the middle of the phantom, which was adopted as the origin of the coordinate system. The catheter was aligned parallel to the longest wax direction with its tip, which is the last dwell position presented in each case, at 1.0 cm from the border of the wax and consequently 9.0 cm from the closest border of the phantom. The irradiated films were digitized using an Epson scanner model 10000 XL with a resolution of 720 × 720 pixels, and analyzed with IMAGEJ (Ref. 17) using the green channel and the linearization equation proposed by Devic et al. 18 MC simulations were performed considering a (40 × 40 × 40) cm 3 water phantom and also considering the experimental geometry and the solid water composition to assure that the differences observed in the experimental profiles are due to the transit dose effect and not due to the phantom size.
III. RESULTS AND DISCUSSION
III.A. Monte Carlo validation
The U −1 , notwithstanding the differences in dose rate at several points around the source, which vary by ±1% for the majority of the points. Besides the aforementioned comparisons, ONCENTRA R and MCNP5 dwell dose profile results were also compared in the studied clinical case, presenting a good agreement as expected, since the TG-43U1 formalism employed on ONCENTRA R is also based on MC simulations.
III.B. Studied cases
In this subsection, we investigate the impact of the transit dose on the total dose profile using both the instantaneous v ins and the average v source speeds. We define here the total dose profile, D tot , as the sum of two components: the dwell dose, D dw , and the transit dose, D tr .
Figures 2(a) and 2(b) show the results obtained for the four aforementioned cases, with the score axis positioned at 2.5 mm from the catheter, consisting of the instantaneous speed profile of the source (first row), the respective absolute total dose distribution, the dwell dose distribution and the transit dose distribution, normalized to the airkerma strength (second row), and the ratios D tot ins /D dw and D tot avg /D dw to show the impact of using instantaneous speed on the transit and total dose (third row). The average speed value adopted in each case is presented in the speed profile, considering that the transit dose profiles were obtained through the arrival and return average speed of 24.9 cm/s, which was obtained considering the instantaneous speed profile over the last 11 cm before the first dwell position and the interdwell average speed for each studied case.
The dwell time is t dw = 1 s for all cases and was defined considering that the transit dose effect is more prominent in cases with short dwell times, which are easier to validate experimentally and that 1 s is the lowest reproducible dwell time. Experiments using dwell times less than 1 s showed higher variation and could not be reproduced. Some experiments were also performed using dwell times of 2 s and have shown similar results. Figures 2(a)(a2-b2) and 2(b)(c2-d2) show that the transit dose using the instantaneous speed profile, D tr ins , significantly impacts the total dose profile, D tot ins , near to the dwell positions x n , while the impact of the transit dose using the average speed, D tr avg , is less significant on the total dose, D tot avg . This is a consequence of the source slowing down near the dwell positions, which is taken into account when considering instantaneous source speed. This result demonstrates that D tr avg fails to accurately correct the Taking the particular case near the dwell position of x n = 6 cm, Fig. 2(a)(a2) 
. Although the transit dose in each dwell point varies with the interdwell distance, the transit dose component is approximately 22% of the dwell dose for a dwell time of 1 s corresponding to an effective transit time of 0.22 s, which is on the same order as (0.4 ± 0.1) s obtained by Ade. 19 The difference between the results could be attributed to the experimental uncertainty and also to differences in the source speed profiles of each piece of equipment.
The impact of the transit dose is slightly higher in the dwell positions near the end position of the catheter since the source returns back to the safe passing once again through these positions with lower speed at these points, as can be observed in the return source speed profiles shown in Figs. 2(a) and 2(b). Such impact is, thus, particularly relevant in treatments with high dose rate, several catheters, multiple dwell positions, and/or short dwell times since treatments may employ dwell times as short as 0.1 s at specific hot spots. 20 Considering that the absolute transit dose is independent of the dwell time and corresponds to 22% of the dose delivered due to a 1 s dwell time, for a particular case corresponding to the shortest allowed dwell time of 0.1 s the transit dose would be approximately 220% of the delivered dose. However, in practical cases the delivered dose in each position is composed of the contribution of several dwell positions with dwell times significantly higher than 0.1 s for the majority of the positions, which explains why even with some short dwell times the relation between the transit dose and the dwell dose is almost constant for dose distributions which are approximately homogeneous. The result obtained with the scoring axis positioned 0.5 cm from the source axis and at 8 cm from the dwell position was compared to the value obtained by Calcina et al. 21 and presented in Table I , where the MCNP5 uncertainty consists of a Type A (k = 1) component of uncertainty.
The other compared positions have also presented similar dose value conformity between simulated and experimental results, except at 1 cm from the dwell position, where the correction time applied by ONCENTRA R to reduce the transit dose effect could present a more significant effect, especially considering that the dwell times employed in the experiments performed by Calcina et al. are about 0.1 s. The agreement between the results was expected, even considering that the results obtained by Calcina et al. were obtained using the microSelectron v1 (classic) source model while this work used microselectron v2, since these models are not significantly different, and the source maximum speed of 52 cm/s is the same in both works, yielding a similar speed profile. 21 The validation of the transit dose correction was performed by comparing the MCNP5 relative total dose profiles using ν ins with those measured using radiochromic film dosimeters, as shown in Figs. 3(a) and 3(b) . The relative dose profiles were normalized to the dose at the first dwell position because the differences in the peak width and in the dose between dwell positions can be easily visualized.
Since no significant differences have been observed in the relative profiles obtained considering the real geometry and the profiles simulated in the middle of a homogeneous phantom, the latter was adopted to reproduce the configuration used by ONCENTRA R . Two cases aforementioned (cases a and b) were investigated. For both cases, the MCNP5 simulations corrected by the ν ins have shown good agreement with the experimental measurements with a maximum difference of approximately 3% of the maximum dose, while the results obtained without the transit dose do not agree with the relative profiles obtained experimentally, presenting differences of up to 7% of the maximum dose. Except for differences induced by the transit dose profile, some differences shown here could be partially due to experimental uncertainty, which has been obtained by summing in quadrature the mean standard deviation of three adjacent relative profiles obtained for each case and the uncertainty components obtained from the literature, as described in Table II . 22 The group mean of the standard deviations of each case was obtained by averaging the standard deviation of each experimental point, which was obtained through three relative profiles. The standard deviation of each point is shown in Fig. 3 presenting mean values of 2.12 ± 0.02% and 3.5 ± 2.4% (Type A, k = 1) for cases a and b, respectively.
In Fig. 3 , case b presented more noise effects in low dose regions, so these uncertainties could be reduced by applying filters, averaging over two or more pixels. However, several filters which were tested changed the peak widths, which is undesirable since that is the region where all the relative profiles can be distinguished.
III.C. Clinical case
All dwell dose profiles obtained with MCNP5 show differences of less than 1.5% when compared with ONCENTRA R , which with transit dose correction applied will reduce the dwell times by 0.01 s, which represents 0.3% of the shortest dwell time. This effect is not significant when compared to differences of up to 5.1%, which are obtained when considering the instantaneous source speed, as can be seen in Fig. 4 . This figure presents dose distributions only for two axes, since the other axis profiles are similar due to the symmetry of the geometry adopted.
In Sec. III.B it was stated that the transit dose is approximately 22% of the dwell dose considering a dwell time of 1 s. This result can be utilized with an approximation for more complex cases through the average dwell time, for example,
where N is the number of dwell positions. In this case, the average dwell time will be 5.1 s, so that the fraction of transit dose is 5.1 times lower than 22% or 4.3% of the prescribed dose. This is a reasonable approximation, especially when dwell positions are spaced equidistantly and the dose distribution is approximately homogeneous. This approach does not eliminate the necessity of transit dose calculations in real cases, especially where dose distributions cannot be homogeneous to preserve some organs.
The average of the maximum transit dose using the instantaneous source speed correction was obtained by averaging the maximum value of transit dose in each score axis, resulting in a value of 80.2 cGy. The transit dose behavior is similar in all axes analyzed, with higher variation at the center of the central axis, where the maximum transit dose is 104.0 cGy. This value cannot be directly compared with those in the literature [5] [6] [7] 9 since the results do not represent the same situation, although the results presented so far in the literature are approximately a few cGy per fraction, which is up to one order of magnitude lower than the results obtained in this work. These differences are due to the source speed and can be verified by calculating the average speed through the instantaneous speed profile, which can be compared with the values in the literature, e.g., using the instantaneous source speed profile, the average speed for an interdwell distance of 0.5 cm was calculated to be 3.8 cm/s, which is smaller than the values of 33.3 cm/s measured by Sahoo, 6 27.1 cm/s measured by Houdek et al., 7 25.5 cm/s measured by Bastin et al., 20 and 50 cm/s described in the ONCENTRA R userguide. 9 These differences result in an underestimated transit dose, e.g., the maximum transit dose obtained in this work for a hypothetical clinical case (104.0 cGy) is 2.77 times higher than the value considered as a maximum value, 37.5 cGy, by the ONCENTRA R userguide. 9 Using 50 cm/s, the average transit dose is reduced to 8.1 cGy and the maximum transit dose is reduced to 10.4 cGy, which is about the same order of magnitude as the literature results.
IV. CONCLUSION
Transit dose values calculated based on instantaneous source speed measurements have shown significant differences compared to values obtained using average source speed, which underestimates the dose. These differences are more pronounced near the dwell positions when the source speed decreases. Differences have also been confirmed with dose measurements using radiochromic films. Transit dose profiles could reach up to a few hundred cGy per application in treatments with several catheters, a high activity source, and fractioned applications. Even when considering higher average speed, the transit dose could be significant, 7, 20 which highlights the importance of considering the transit dose with the correct speed profile, which is slower than that previously adopted. Using an average dwell time it is possible to estimate the transit dose component in some cases, however, transit dose profiles vary considerably due to the dwell positions and need to be adequately calculated to obtain an accurate dose for treatment planning. The instantaneous speed measurements 4 can be performed directly by the hospital or by the source manufacturer, providing a speed profile which can be used to calculate the transit dose using methodologies described in the literature, 20 MC simulations, or the TG-43U1 formalism.
